ABSTRACT The blue-shelled egg not only plays a key role in helping birds to avoid predation as a result of crypsis and mimetism, but it also provides eggshell strength and filters solar radiation; moreover, it has an important economic trait for poultry. However, the source of biliverdin for blue-shelled egg remains unsolved in ducks. The current study detected the biliverdin content and localization of heme oxygenase 1 (HMOX1) in duck shell gland; moreover, RNAseq analysis was performed in the shell gland of blueshelled and white-shelled ducks. Results indicated that biliverdin is a primary pigment for blue-shelled egg in ducks, and the HMOX1 protein showed high expression in ciliated epithelial cells of shell gland between blue-shelled and white-shelled ducks. In the pathway of biliverdin synthesis, only 5-aminolevulinate synthase 1 expression level was significantly upregulated in blueshelled ducks, and nuclear factor, erythroid 2 like 1 and period circadian clock 2 may be the essential elements in biliverdin synthesis of duck shell gland. Furthermore, some of the transporter genes, such as activator-Like and solute carrier family 13 member 5, may be involved in the formation of blue egg in duck. Results of the current study suggested that the biliverdin is most likely synthesized and secreted from epithelial cells of shell gland. In addition, ALAS1 may play a key role in the formation of blue egg in ducks.
INTRODUCTION
The pigmentation in avian eggshell can strengthen the eggshell, and filter harmful solar radiation; furthermore, the eggshell coloration also plays an important role for avian as a result of crypsis or mimetism to avoid predation (Deeming, 2002; Kilner, 2006) . Additionally, the blue-shelled egg, genetic quality of laying female, has been proposed as a sexually selected signal to its mate in order to induce a higher allocation of paternal care (Moreno and Osorno, 2003) . At the market level, consumers in some areas preferred eggs with different eggshell colors. Avian eggshell color is predominantly determined by 3 different kinds of pigments such as protoporphyrin-IX, biliverdin-IX, and biliverdin zinc chelate (Kennedy and Vevers 1976) . It was reported that protoporphyrin and biliverdin contribute in brown-shelled and blue-shelled egg, respectively (Poole, been found in many species of poultry, such as chicken (Punnett, 1933) , duck (Wang et al., 1997) , and quail (Ito et al., 1993) . In the blue-shelled eggs, the biliverdin-IX content was found as key factor that gives the blue color to eggshell (Wang et al., 2007 (Wang et al., , 2009 .
Biliverdin-IX is a derivative that is produced during metabolic process of heme porphyrin, and the production of biliverdin-IX might be controlled by genes, which are all possibly related to the formation of blue-shelled egg phenotype. In a local breed of chicken with blue-shelled egg, Dongxiang blue-shelled chicken, the organic anion transport protein1B3 (SLCO1B3) acts as a transmembrane protein, and according to a genome-wide association study, SLCO1B3 has been found to be responsible for blue-shelled egg trait formation by enhancing biliverdin transportation to the eggshell. A ∼4.2-kb insertion sequence from endogenous retroviral (EAV-HP) has been further identified at the upstream of SLCO1B3, which may contribute in high mRNA expressions of SLCO1B3 in eggshell gland of blue-shelled chicken breeds, such as Dongxiang and Lushi (Wang et al., 2013b) . This insertion sequence has been identified to develop a new chicken strain with 2260 blue-shelled egg trait characteristic with the help of molecular assistant selection methods, and thus it could satisfy the consumers of blue-shelled eggs of chicken.
On the other hand, the insertion sites for insertion sequence in the 2 native Chinese blue-shelled chicken breeds were different from that in native chicken breed of Chile i.e., Mapuche fowl (Wragg et al., 2013) . Although blue-shelled egg ducks have a similar pattern of genetics and a single gene with dominant phenotype, as found in chickens (Lai, 1991) , no significant divergent expressions of SLCO1B3 were observed in the blue-shelled and non-blue-shelled ducks, as well as no homologous region for EAV-HP insertion sequence was found in ducks (Wang et al., 2013b; Wragg et al., 2013) . Previous studies indicated that the mechanism for blue-shelled egg trait formation may be distinct in each different species of poultry due to the differences in genetic backgrounds and poultry evolutionary environments. In ducks, the formation mechanism of blueshelled egg trait remains still unclear.
HMOX1 encoded the heme oxygenase 1, which is another key enzyme (protein) that can cause heme oxidative degradation, and catalyzed it into biliverdin (Lang, 1988; Maines, 1997) , and it was reported that the biliverdin contents were found as key factor that give the blue color to eggshell. However, the site of eggshell biliverdin synthesis has been disputed for many years. Some studies exhibited controversial conclusions on this view through different experimental data. Baird et al. (1975) observed a 3-fold increase in average porphyrin concentration in shell gland during the calcification process of eggs as compared to when the egg was present in the oviduct region; moreover, during eggshell formation the maximum blood flow through the shell gland was observed; so, the formation of the eggshell pigment is most likely from the blood. On the other hand, Zhao et al. (2006) demonstrated that biliverdin content was significantly different in eggshells between the blue-shelled and brown-shelled chickens, but no significant differences were observed in the blood serum, bile, and excreta of both breeds of chicken, indicating that eggshell biliverdin may be secreted from the shell gland, but not from the blood system. Currently, the molecular mechanism of the blueshelled egg trait formation is rarely understood in ducks, and whether the eggshell biliverdin is synthesized from the shell gland or delivered from the blood circulation system remains unresolved. Investigating the gene expressions involved in biliverdin synthesis and transport in eggshell gland is helpful for revealing the formation mechanism of blue-shelled eggs. In the present study, the differentially expressed genes (DEGs) related to biliverdin synthesis and transportation in shell gland between blue-shelled and whiteshelled ducks by using high-throughput transcriptome sequencing were enriched and analyzed, to explore the molecular mechanism of duck blue-shell egg trait formation and lay a theoretical foundation for developing a new duck strain with characteristic of blue-shelled eggs.
MATERIALS AND METHODS

Animals and Sample Collection
The ducks (NongHua-JS strain) were provided by the Waterfowl Breeding Experimental Farm of Sichuan Agricultural University, Chengdu, China. After a week of continuous observation and records of the oviposition time of laying ducks during egg peak stages. Three of each white-shelled and blue-shelled ducks, with fairly uniform oviposition time, were selected for sampling, which were marked as W1, W2, W3 and B1, B2, B3, respectively. For pigment extraction, a total of 60 fresh eggs, each from 30 blue-shelled and white-shelled ducks were collected, respectively. Fresh excreta was collected 2 d before the slaughtering of experimental birds, and then stored at -20
• C. Blood samples were collected at 3 to 5 h prior to the next expected oviposition, and serum was stored at -20
• C after centrifugation at 3,000 rpm for 10 min. Birds were fasted for 24 h prior to slaughtering, then shell gland tissue and liver were severed and collected, and a part of shell gland tissue and organs were immediately placed in liquid nitrogen for the subsequent analysis. In addition, some parts of the shell gland tissue were rapidly dissected and fixed in 4% paraformaldehyde at room temperature. The remaining shell gland tissue and organs were ground with liquid nitrogen and stored at -80
• C. All procedures in the current study were approved by the Animal Welfare Committee of Sichuan Agricultural University.
Measurement of the Biliverdin Content
The eggshells were heat-dried after being washed with water, and then 0.25 g of eggshell, shell gland, and liver was dissolved in 4 mL of mixed solution [methanol:concentrated HCl ratio by volume was 2:1] added beforehand into a 15-mL plastic cuvette, respectively (Wang et al., 2009) . Then, the solution for analysis was placed in dark environment for 12 h for complete extraction of the pigments. After centrifugation at 1369.55× g for 45 min, the supernatant absorbance was measured with spectrophotometer at 670 nm wavelength. The 0.26 mg of biliverdin hydrochloride (J&K Scientific Ltd, Beijing, China) was dissolved into the mixed solution [methanol:concentrated HCl ratio by volume was 2:1] to make the standard solution (Wang et al., 2009 ). Then, after shaking, the standard solution was placed in dark environment until it completely dissolved. The supernatant of biliverdin standard solution was analyzed with a spectrophotometer at 670 nm wavelength, and biliverdin content was calculated by using the standard curve of biliverdin. Serum and fresh excreta were vortexed in extraction solution, which was prepared as described in a previous report (Zhao et al., 2006) . Then the supernatant (0.3 mL) was transferred to 96-well cell culture clusters for Microplate Reader at the wavelength of 670 nm. Calibration curves of 
standard biliverdin hydrochloride (J&K Scientific Ltd, Beijing, China) were constructed to calculate sample biliverdin concentrations (Li et al., 2013) .
Immunohistochemistry
Tissues of 3 shell glands per group were examined for detecting the location of HMOX1 protein expression. Briefly, the shell gland was embedded with paraffin, then deparaffinized and hydrated. The endogenous peroxidase in sections was removed by 3% H 2 O 2 (Hydrogen peroxide:water = 1:9). Non-specific reactions were blocked by 3% BSA. Rabbit anti-chicken HMOX1 antibody (Biosynthesis Biotechnology, Beijing, China) was used as primary antibody, and PBS replacing the primary antibody was designed as the negative control. Samples were first incubated overnight with 1:200 dilution of primary antibody in a humidified chamber at 4
• C. The EnVision FLEX + Rabbit serum (DAKO, Copenhagen, Denmark) was added to the sections. After 15 min, unbound antibody was removed by rinsing with wash buffer EnVision FLEX (DAKO, Copenhagen, Denmark). A 3,3'-Diaminobenzidine substrate (DAB; DAKO, Copenhagen, Denmark) was used to detect the positive signal in tissue sections. Hematoxylin stained nucleus in blue, and the HMOX1-positive expression of DAB showed brown yellow.
RNA-seq
Construction of cDNA Library and Sequencing
Total RNAs of all 6 shell gland samples were extracted according to the instruction manual of the TRIzol reagent (Invitrogen, Carlsbad, CA), and RNA concentration and purity was measured by using the NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE). RNA integrity was assessed by using the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 System (Agilent Technologies, CA, USA). High-quality RNA was sent to Biomarker Technologies Corporation (Beijing, China) for cDNA libraries construction and sequencing. RNA sequencing libraries were generated using the NEBNext Ultra RNA Library Prep Kit for Illumina (New England Biolabs, Ipswich, MA, USA) with multiplexing primers, according to the manufacturer's protocol. Briefly, mRNA was purified by the interaction of the poly (A) tails and magnetic oligo (dT) beads, and cDNA was purified by using a AMPure XP Beads (Beckman Coulter, Inc.). The cDNA library was constructed with average inserts of 200 bp (150 to 250 bp), with non-stranded library preparation. The short cDNA fragments were subjected to process of end repair and adapter ligation. Then, the suitable fragments were selected by Agencourt AMPure XP beads (Beckman Coulter, Inc.), and enriched by PCR amplification. Sequencing was performed via a paired-end 125 cycle rapid run on the Illumina HiSeq2500.
Data Filtering and De Novo Assembly Highquality clean reads were obtained by removing the adaptor sequences, duplicated sequences, ambiguous reads ("N"), and low-quality reads. Then transcriptomes were separately assembled de novo using Trinity (http://trinityrnaseq.sourceforge.net/). In brief, clean reads with a certain overlap length were initially combined to form long fragments without N (named as contigs). Related contigs were clustered using the TG-ICL software (Pertea et al., 2003) to yield unigenes (without N) that cannot be extended on either end, and redundancies were removed to acquire non-redundant unigenes.
Functional Annotation of the Assembled Unigenes The unigene sequences of the 6 shell gland samples were searched by using BLAST (E-value < 1e-5) against the Nr, KEGG, GO, COG, and Swiss-Prot to retrieve protein functional annotations based on sequence similarity. High-priority databases (followed by Nr, Swiss-Prot, and KEGG) were selected to determine the direction of the unigene sequences. The best aligning results were used to predict the coding region sequences from unigenes, and the coding sequences were translated into amino sequences using the standard codon table. The ESTScan software (Iseli et al., 1999) was used to decide the sequence direction of the unigenes that could not be aligned to any of the above databases. Gene ontology (GO) terms were assigned to each sequence annotated by BLAST against the Nr database using the Blast2 GO program with the E-value threshold of 1E-5 for further functional categorization. The WEGO software (Ye et al., 2006) was used to plot the distribution of the GO functional classification of the unigenes. The unigene sequences were also aligned to the COG database to predict and classify possible functions. The unigenes were assigned to KEGG pathway (https://www.kegg.jp/kegg/ pathway.html) annotations to analyze inner-cell metabolic pathways and the related gene function using BLAST.
Functional Analysis of the Differentially Expressed Genes (DEGs)
The FPKM method eliminated the influence of different gene lengths and sequencing levels on the The color from green to red represents the intensity of gene expression levels from low to high. B1, B2, and B3 represented blue-shelled duck rep1, blue-shelled duck rep2, and blue-shelled duck rep3, respectively, while W1, W2, and W3 represented stages white-shelled duck rep1, white-shelled duck rep2, and white-shelled duck rep3, respectively. calculation of gene expression. Therefore, FPKM values were directly used to compare gene expression differences between shell gland of white-shelled and blueshelled ducks. The DESeq package was used to obtain the "base mean" value for identifying DEGs. FDR ≤ 0.01 and the absolute value of log2ratio ≥ 1 were set as the thresholds for the significance of the shell gland gene expression difference between white-shelled and blue-shelled ducks.
Real Time PCR
The cDNA was synthesized from 2 μg of RNA using the PrimeScript RT Reagent Kit (TaKaRa, Dalian, China). The real-time PCR primers (Table 1) were designed using the Primer 5.0 software (Premier Biosoft International, CA, USA), and synthesized by the Beijing Genomics Institute. The duck β-actin (EF667345.1) and GAPDH (AY436595.1) was used as endogenous reference gene. The reaction was performed with a CFX96 Real time PCR Detection System (Bio-Rad, Chengdu, China) by using the reaction system SYBR Premix Reaction System ExTaqTM II Kit (Takara, Dalian, China). The reaction program was 95
• C for 30 s, 95
• C for 5 s, and 60
• C for 30 s, for 40 cycles, and the dissolution curves were run from 65 to 95
• C, reading for 10 s per 0.5 • C. Each real-time PCR experiment was repeated in 3 times.
The 2 − CT method (Schmittgen and Livak, 2008 ) was used to calculate the relative expression of genes, and standard deviation was calculated between 3 biological replicates.
Data Analysis
The 2 − CT method (Schmittgen and Livak, 2008 ) was employed to calculate the relative mRNA expression of interested genes according to the Ct value, and the results were normalized by using the internal control gene β-actin and GAPDH. All analysis was performed with the SAS software package, version 8.2. Results are formatted as means ± standard error.
RESULTS AND ANALYSIS
Biliverdin Content and Localization HMOX1 in Duck Shell Gland
The biliverdin content was measured in blue-shelled and white-shelled ducks, which showed clearly distinct phenotypes ( Figure 1A ). The biliverdin content in blueshelled eggs was higher as compared to white-shelled eggs (P < 0.01) ( Figure 1B) ; however, there were no significant differences in biliverdin concentration in blood, shell gland, liver, and excreta between the 2 experimental groups ( Figure 1C and D) . As HMOX1 can catalyze the decomposition products of heme into biliverdin, the histological location of HMOX1 protein in shell gland was identified by using immunohistochemistry, to validate about the presence of biliverdin metabolic process in the shell gland. The results showed that expression of HMOX1 protein was mainly localized by epithelium cells of shell gland, and HMOX1 protein had high expression in both experimental groups, and no significant difference was found in HMOX1 protein expression between both experimental groups ( Figure 1E ).
Transcriptome Analysis to Show the DEGs
To obtain the regulation mechanism of biliverdin synthesis and transportation, 6 libraries (B1-3&W1-3) were constructed for RNA-Seq. Each library produced more than 5.29 G clean bases with a Q30wasover 95.41%. The clean reads were mapped to the transcript or unigene library, and more than 80% matched either to a unique or transcript library (Table 2) . From all the libraries, a total of 243,118 genes were obtained, and the length of unigene above the 1 kb had 25,094 genes. In order to make the sequencing results more accurate and credible, 2 different groups were set up that contain 3 biological repeats. The results of biological repeat evaluation showed that samples of biological repetition had higher correlation in the 2 different groups, indicating that the sequencing results are credible (Figure 2A ). The transcriptome study was primarily used for the identification of differential gene expression (DGEs) Figure 4 . The significantly enriched GO terms using DEGs (annotated genes > 100, P < 0.05). GO terms belong to biological processes (BP), molecular functions (MF), and cellular components (CC). Annotated genes and significant genes were showed in black and gray, respectively. between different libraries. The results indicated that there were 768 DEGs based on values of reads per kilobase per million mapped reads (RPKM), which includes 457 and 311 up-and downregulated genes, respectively ( Figure 2B ). The DEGs predicted 9 groups (1 to 9) by using hierarchical clustering methods, and were defined according to the expression profiles ( Figure 2C ). The DGEs in "B" showed upregulation in subclusters 1, 3, 4, 5, 6, and 7 compared to "W", and downregulation in subclusters 2, 8, and 9 ( Figure 3C ).
DEGs Involved in biliverdin Synthesis
KEGG database showed that the porphyrin and chlorophyll metabolism were enriched in the transcriptome, and 10 enzymes have been identified as the requirement for biliverdin synthesis, which includes 5-aminolevulinate synthase (ALAS1), horphobilinogen synthase (ALAD), hydroxymethylbilane synthase (HMBS), uroporphyrinogen-III synthase (UROS), uroporphyrinogen decarboxylase (UROD), coproporphyrinogen III oxidase (CPOX), protoporphyrinogen/coproporphyrinogen III oxidase (PPOX), protoporphyrin/coproporphyrin ferrochelatase (FECH), heme oxygenase 1 (HMOX1), and biliverdin reductase A (BLVRA) ( Figure 3A) , and only ALAS1 was found with significantly higher expression in blueshelled ducks (Table 3) .
In the present study, the protein interaction networks mapping was used to obtained interaction between these enzymes that were required for regulatory mechanism of biliverdin synthesis in duck shell gland, as well as identification of DGEs. Finally, 10 DEGs, which may involve in the regulation of biliverdin synthesis, have been enriched, and most of them interact with ALAS1 ( Figure 3B ). Subsequently, these genes and the genes required for biliverdin synthesis were classified by using hierarchical clustering methods based on the RPKM values ( Figure 3C ). Period circadian clock 2 (PER2), NFE2L1, and ALAS1 were clustered in a group, and their expression levels were higher in blue-shelled ducks as compared to white-shelled ducks, implying that PER2, NFE2L1, and ALAS1 may have similar function for the formation of blue-shelled eggs in duck. In addition, the result of annotation showed that most of them were transcription factors, which were involved in transcriptional regulation or signal transduction (Table 4) . 
GO Analysis of DEGs
The GO terms analysis showed that if higher number of annotated genes were present in each GO term then there were more number of enriched DGEs (Figure 4 ). Twenty-two biological pathways were enriched (annotated genes > 100, P < 0.05), including many of the protein metabolism pathways such as "activation of protein kinase activity", "regulation of protein transport", and the "cellular response to stimulus" were the main biological pathways. In addition, there were 15 kinds of molecular functions that were enriched in GO terms (annotated genes > 100, P < 0.05), including the "ATP binding", "metal ion binding", and "zinc ion binding".
Enriching the Transport Genes Related to Synthesis of Biliverdin
According to the gene function, the DEGs related to transport of substances were classified into 7 groups, which include "Inorganic ion transport and metabolism", "Amino acid transport and metabolism", "Carbohydrate transport and metabolism", "Lipid transport and metabolism", "Intracellular trafficking, secretion, and vesicular transport", "Coenzyme transport and metabolism", and "Secondary metabolites biosynthesis, transport and catabolism" (Table 5 ). In addition, the results of hierarchical clustering show that the expression patterns of some transporter genes were similar to the biliverdin synthesis genes (Figure 5 ), such as the expression patterns of activatorLike (TAL) and solute carrier family 13 member 5 (SLC13A5) is similar to that of HOXM1 and ALAS1, respectively.
Validation by Real Time PCR
The real-time PCR was used to validate the gene expressions required for biliverdin synthesis by RNA-Seq analysis. The results showed that most of the genes required for the biliverdin synthesis, such as ALAS1, had the same expression patterns in the real-time PCR with the RNA-Seq data, except the expression patterns of ALAD and HMOX1, which showed diverent expreesion patterns. Moreover, the real-time PCR and RNA-Seq data were significantly correlated (P = 0.026 < 0.05), indicating that the RNA-Seq data were fairly reliable ( Figure 6 ).
DISCUSSION
The Formation of the Blue-shelled Egg is Associated with the Deposition of Biliverdin
Blue-shelled egg is a common trait in poultry species, such as in chicken (Punnett, 1933) , duck (Wang et al., 1997) , and quail (Ito et al., 1993) . However, the locations for the biliverdin synthesis in blue-shelled egg remains unresolved, and molecular mechanism of the blue-shelled egg formation is rarely understood in ducks. Results of the current study explained that biliverdin in blue-shelled ducks was higher than that in white-shelled ducks (P < 0.01) ( Figure 1B) , indicating that biliverdin is a primary pigment for blue-shelled egg in duck, and the formation of the blue-shelled egg is associated with the deposition of biliverdin in the eggshell. Results of the present study were similar to the study in chickens by Wang et al. (Zhao et al., 2006; Wang et al., 2009) , who found that the eggshell biliverdin in Dongxiang blue-shelled chickens was significantly higher than that of Dongxiang brown-shelled chickens. 
The Biliverdin may be Synthesized and Secreted in the Shell Gland
In the present study, the biliverdin, in shell gland of blue-shelled ducks, was found higher as compared to white-shelled ducks (P > 0.05) ( Figure 1C) , and the biliverdin content in serum and excreta, of blueshelled duck, was lower than that in white-shelled ducks (P > 0.05) ( Figure 1D ). The formation of eggshell is a continuous process (Solomon et al., 1994) , and the epithelial cells of shell gland can add the cuticle and pigments to the shell, after the complete formation of eggshell (Solomon, 2002) . The experimental data, in this study, support that the difference of biliverdin content in shell gland and the continuous accumulation of biliverdin in eggshell may cause significant differences in biliverdin content between the 2 different phenotypic groups of eggshell. Moreover, in the present study, the HMOX1 protein, which has a key role in biliverdin synthesis, had high expression in ciliated epithelium cells of shell gland both in blue-shelled and white-shelled ducks ( Figure 1E ). These data suggested that biliverdin in eggshell is most likely synthesized and secreted from the epithelium cells of shell gland in duck, and that is keeping with the study of biliverdin in blue-shelled chickens by Zhao et al. (2006) and Wang et al. (2013a) .
The RNA-Seq results showed that a total of 768 DEGs have been identified between the blue and white phenotypic shell glands. The porphyrin and chlorophyll metabolism process associated genes were enriched by KEGG database, and 10 enzymes, required for biliverdin synthesis, have been identified ( Figure 3A) . During heme synthesis, the primary and rate-limiting enzyme was ALAS1 (Sun et al., 2015) , FECH was the last enzyme in the pathway of biliverdin synthesis, which catalyzes the insertion of ferrous iron into PpIX to form heme (Ajioka et al., 2006) , and heme can be degraded into biliverdin, CO, and Fe 2+ by HMOX1 (Maines, 1997) . Moreover, it was reported that ALAS1, CPOX, FECH, and HMOX1 were expressed in the shell gland of chicken (Conder et al., 1991; Wang et al., 2010 Wang et al., , 2013a . These data further supported that the biliverdin is synthesized in eggshell gland in the blueshelled phenotypic ducks.
ALAS1 May Play a Key Role in the Formation of Blue Egg in Ducks
In this study, expression level of ALAS1, in the pathway of biliverdin synthesis, was significantly upregulated in blue-shelled ducks (Table 3) , and ALAS1 was the first and rate-limiting enzyme in heme synthesis (Sun et al., 2015) , indicating that ALAS1 may be a key role in biliverdin synthesis of shell gland in ducks. Moreover, there were 10 DEGs such as nuclear factor, erythroid 2 like 1 (NF-E2L1) and PER2 that were enriched by protein network mapping, and most of them were found in contact with ALAS1 ( Figure 3B ). The expression of porphobilinogen deaminase gene can be activated to encode an enzyme in the heme synthesis pathway by NF-E2L1 (Mignotte et al., 1989; Romeo et al., 1990) , and the circadian transcription factors, such as PER1 and PER2, can be regulated by the expression of ALAS1 (Kaasik and Lee, 2004) . In addition, the hierarchical clustering showed that ALAS1, NF-E2L1, and PER2 have the same expression pattern ( Figure 3C ). These results suggested that NF-E2L1 and PER2 may be the essential elements in biliverdin synthesis through regulating the expression of ALAS1 in duck shell gland.
Results of present study showed that the expression patterns of some transporter genes, such as TAL and SLC13A5, were similar to the gene that was involved in biliverdin synthesis ( Figure 5 ). Different studies showed that TAL can increase the production of NADPH in mitochondria Perl et al., 2006) , and NADPH is required to provide electron for the process in which heme is catalyzed into biliverdin, by HOXM1, in mitochondria (Maines, 1997) . Besides, SLC13A5 (Indy) could transport succinate, oxaloacetate, and fumarate in flies (Knauf et al., 2002 (Knauf et al., , 2006 , and succinyl-CoA is an essential substrate in the first step of biliverdin biosynthetic pathway. These results implied that some of the transporter genes, such as TAL and SLC13A5, may also be involved in the formation of blue egg in ducks.
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